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nanoparticle motifs for enhancing
the HOR performance in alkaline media†
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For a future sustainable hydrogen economy, the electrocatalysis of hydrogen oxidation/evolution reactions

(HOR/HER) needs to be better understood. In order to describe the strong alteration of HOR/HER rates on

platinum groupmetals (PGM) in acidic and alkalinemedia, at least two prominent descriptors based on a Pt–

Had binding energy model and a bifunctional model are frequently discussed in the literature. A clear

discrimination of these both descriptors for PGM-based multi-metallic materials, yet, remains a critical

challenge. To solve this dilemma, we have made use of the oxophilic and structural properties of cobalt

atoms in Pt-based nano-materials to tune their catalytic HOR performance in alkaline media. More

precisely, we have designed PtxCo1�x nanoparticles with various structural motifs. Remarkably, the

surface rearrangement of PtxCo1�x nanoparticles along the uniform alloy, Pt-rich shell, and Co-

segregated core–shell motifs is controlled by the electrochemical environment. To identify the

elemental distribution of Co and Pt atoms, a new descriptor is presented in this work, the so-called

Q(Hupd)/Q(Coz+) ratio. The coverage of OHad species can be controlled by the coverage of oxophilic Co

surface atoms to investigate the bifunctional mechanism on the HOR kinetics in alkaline media. Thus, we

are able to correlate the HOR exchange current densities with tuneable Co coverage on the particle

surface to mimic e.g. the coverage of “Co(hydr)oxide clusters”. On the other hand, the strain effect to

modify the Pt–Had binding energy is solely investigated on a Pt-rich shell induced by a Co-rich particle

core. Despite the separation of these critical model parameters, cobalt as an oxophilic component

strongly bonds OHad species at the bimetallic particle surface and modifies the HOR kinetics. In contrast,

the induced lattice strain in the Pt-enriched shell of dealloyed core–shell nanoparticles leads to an

increase of the Pt surface area-based specific exchange current density j0spec by a factor of �2 compared

to pure Pt. Based on our results, we provide deeper insights into the kinetics and mechanism of the HOR

on PtxCo1�x catalysts with different structural nanoparticle motifs in an alkaline environment.
Introduction

The electrocatalysis of hydrogen oxidation/evolution reactions
(HOR/HER) is the main key for the hydrogen economy to meet
the demands of renewable and clean energy conversion and
energy storage in the near future. The hydrogen electrocatalysis
is not only a fundamental research in academia. Actually, there
are numerous industrial technologies in the eld of water and
chlor-alkali electrolysis,1,2 fuel cells, metal deposition,3 and
corrosion.4 Both hydrogen reactions have very recently experi-
enced a renaissance. Although the HOR/HER have been studied
over decades, their mechanism and kinetics are still poorly
understood to date. In particular, the alteration of their reaction
rate from acidic to alkaline environments is dramatic. Very low
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f Chemistry 2021
loadings of platinum group metals (PGM) are needed to accel-
erate the HOR kinetics in proton exchange membrane fuel
cells,5 whereas the same reaction at higher pH becomes at least
two order of magnitudes slower.6 Improvements in HOR/HER
activities have recently been achieved by adding other metals
such as ruthenium (Ru) or nickel (Ni) to platinum.7–12 The origin
of the activity improvement especially in an alkaline environ-
ment is intensively and controversially discussed in the elec-
trocatalysis community.

One of the important descriptors for the HOR/HER rates is
the M–Had binding energy on the metal electrode surface.6,13–15

Some studies have also reported that the higher Pt–Had binding
energy in alkaline media is caused by the shortening of the Pt–
Had bond distance compared to that in acidic media.16–18 Sheng
et al.14 have shown a nearly linear dependence of the HOR/HER
activity on the pH value of buffered electrolyte solutions.
Interestingly, they correlated the shi of the underpotential
deposition of hydrogen (Hupd) features measured in cyclic
voltammetry (CV) directly with the strengthening/lowering of
the Pt–Had binding energy at different pH values. The Pt–Had
J. Mater. Chem. A, 2021, 9, 15415–15431 | 15415
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binding energy established from the CV proles increases with
pH, resulting in a decrease of the HOR/HER activity. The
contribution of OH� species in the reaction path via adsorption
has mainly been excluded by the authors. Durst et al.6 have also
shown that the ratio of the HOR/HER rates at pHz 0 and pHz
13 varies between 120 and 200, which conrms the order of
magnitude of the exchange current density difference in acidic
and alkaline environments. If the H binding energy is linearly
proportional to the activation energy (as described in the
Brønsted–Evans–Polany relationship19), they assumed that the
Volmer step is the rate limiting step for the HOR/HER on pure
Pt in alkaline media.

Besides the theory of M–Had binding energy, an additional
critical descriptor for HOR/HER rates is the interfacial structure
of water molecules near the electrode surface reported by
Ledezma-Yanez et al.20 They proposed that the interfacial water
structure correlates with the pH value and thus affects the
energy of hydrogen adsorption. In other words, the transfer of
charge (H+ in an acid or OH� in a base) through the interfacial
double layer depends on the extent to which the solvation
environment can accommodate this charge migration. Thus, if
the interfacial water can be easily rearranged, the transfer of
charge through the double layer is fast. In contrast, a rigid and
stiff interfacial water structure impedes and slows down the
migration of charge. The extent of water reorganization is
strongly related to the position of the potential of zero charge
(pzc) as described by the interfacial electric eld between the
electrode and electrolyte. The pzc shis from the Hupd region
at low pH to a more anodic potential region of Pt (hydr)oxide
formation at high pH.21 As a consequence, the strength of the
electric eld and the energy associated with the arrangement of
interfacial water molecules are strongly inuenced by the pH.
Due to the pzc shi towards more anodic potentials on a Pt
surface, the adsorption rate of hydrogen in the Hupd region is
very sluggish in an alkaline environment. Ledezma-Yanez
et al.20 have also shown that the introduction of Ni clusters on
a Pt(111) surface is able to modify the electric eld and results
in a shi of the pzc free charge of �25 mV which is closer to the
Hupd region. This shi of the pzc free charge leads to improved
HER kinetics in alkaline media. Both descriptors, metal–
hydrogen binding energy and rearrangement of interfacial
water, are strongly linked to the electronic properties of the
catalyst surface for the HOR/HER.

Another important descriptor of the HOR/HER rates is the
bifunctional mechanism, in which reactive OHad species might
promote the oxidation of Had on Pt sites according to the
Volmer step (M–Had + OH� / M + H2O + e�). Strmcnik et al.22

suggested that the adsorption of reactive OH� species in the
Hupd region might dictate the HOR/HER activity on a PGM
surface. They have correlated the HOR/HER performance with
the oxophilic properties of the PGM-based catalysts and shown
that the HOR activity increases in the order of Pt < Pt0.5Ru0.5 �
Pt0.1Ru0.9 ¼ polycrystalline Ir in an alkaline environment.22

Further studies from the same group have reported a critical
interplay between the energetics of Pt–Had and Pt–OHad to
control the HOR/HER rates.23–25 For instance, Danilovic et al.23

have shown that the modication of the Pt surface with Ni(OH)2
15416 | J. Mater. Chem. A, 2021, 9, 15415–15431
clusters improves the HER activity on Pt. They have suggested
that the Ni(OH)2 clusters play an important role in accelerating
the dissociative adsorption of water and in supplying the
production of hydrogen and hydroxyl intermediates during the
HER in alkaline media.

Altogether, different models like M–Had binding energy, an
interfacial structure of water molecules and/or bifunctional
mechanism by forming “reactive” OH species are drawn on to
describe the changes in HOR/HER kinetics from an acidic
toward an alkaline environment. It is noticed that most factors
to describe the HOR/HER kinetics are very difficult to separate
from each other and oen occur together. Moreover, the diffu-
sion of OH� species, mechanistic formation pathway of OHad,
OHad–H/Had–OH bond formation, water desorption step,26

interactions of alkali cations27 and water at the electrode–elec-
trolyte interface might also play a role in HOR/HER kinetics, but
less studied or still unexplored to date.

In this work, PtxCo1�x catalysts along the uniform alloy, Pt-
rich shell and Co-segregated core–shell nanoparticle motifs
have been investigated for the HOR in alkaline media. The
surface structure and re-arrangement of PtxCo1�x catalysts are
controlled by the electrochemical environment. The changes in
HOR exchange current densities on the PtxCo1�x catalysts in
their different nanoparticle motifs were investigated and
related to the strain effect (reduced Pt–Pt distances) and/or
bifunctional effect. Due to the high oxophilic character of Co,
the surface and subsurface layers of the bimetallic nano-
particles are systematically modied to control the coverage of
OHad species. A new descriptor will be presented to determine
the atomic composition and distribution of Co and Pt at the
bimetallic particle surface. Very remarkably, in a series of
different particle morphologies and compositions, the
compressive strain as well as the bifunctional mechanism can
be distinguished from each other and allow studying the HOR/
HER kinetics in a unique manner. Despite the separation of
these critical parameters, cobalt as an oxophilic component
strongly bonds OHad species at the bimetallic particle surface.
On the other hand, the induced lattice strain in the Pt-enriched
shell of dealloyed core–shell nanoparticles causes only
a moderate lowering of the Pt–H binding energy and thus
improved HOR activity in alkaline media.

Experimental part
Synthesis of PtxCo1�x alloy nanoparticles supported on high
surface area carbon (HSAC)

High surface area carbon (HSAC) supported Pt3Co, PtCo, and
PtCo3 alloy nanoparticles were prepared by using a liquid
impregnation–freeze drying–reductive thermal annealing tech-
nique.28,29 50 mg of commercially available 28.4 wt% Pt/HSAC
(Tanaka Kikinzoku International Inc, TKK) was added to
35 mg, 105 mg, and 316 mg of Co(NO3)2$6H2O (99.999% metal
basis, Alfa Aesar) for the preparation of PtxCo1�x with atomic
Pt : Co ratios of 3 : 1, 1 : 1, and 1 : 3, respectively. First, the
cobalt precursor salt was dissolved in around 3 mL of highly
puried water (18 MU cm at room temperature, Elga Purelab
Classic). Aer horn-sonication for 5 minutes, the viscous black
This journal is © The Royal Society of Chemistry 2021
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slurry was immediately frozen in liquid nitrogen for 20 minutes
and then freeze-dried in a vacuum for two days. The dried
powder was then annealed in a three-zone tube furnace in
a 5/95 vol% H2/Ar atmosphere (quality 5.0, Air Liquide) with
a ow rate of 200 mL min�1. The temperature program con-
sisted of two plateaus at 250 �C for two hours followed by at
800 �C for six hours with a heating rate of 10 �C min�1,
respectively.
Electrochemical experiments using the thin-lm rotating disc
electrode (TF-RDE) technique

Preparation of thin catalyst lm electrodes. About 3 mg of
catalyst powder was mixed with 5 mL puried water (18 MU cm at
room temperature, Elga Purelab Classic), resulting in a concen-
tration of ca. 0.2 gPt L

�1. Aer horn-sonication for 30 min, an
aliquot of 10 mL from the catalyst dispersion was pipetted onto
a previously clean and polished surface of a glassy carbon (GC)
electrode (outer diameter of 5 mm, Pine Research Instrumenta-
tion) and then dried at 40 �C for 15 min in air. The calculated
loading was�8 mgPt cmgeo

�2 (normalized to the geometric surface
area). The GC electrodes were previously polished with 0.05 mm
aluminum oxide powder (Buehler) onto a Microcloth polishing
cloth (Buehler) until a mirror-like surface has been obtained. The
polished GC electrodes were washed in puried water, propan-2-
ol (Fisher Chemica, HPLC), and puried water each for 5 minutes
using an ultra-sonication bath.

Electrochemical measurements. The electrochemical set-up
consisted of a home-made electrochemical three-
compartment glass cell, a potentiostat (VSP300, Biologic), and
a RDE rotator (Pine Research Instrumentation). A three-
electrode-conguration consisted of a Pt mesh as the counter
electrode, mercury–mercury oxide (MMO) as the reference
electrode, and PtxCo1�x catalyst materials as the thin lm
working electrode, respectively. 0.1 M KOH (99.98%, Alfa Aesar)
and 0.1 M HClO4 (70 vol%, 99.999%, Sigma Aldrich) as elec-
trolyte solutions were freshly prepared by dissolving/diluting
their respective amount in highly puried water. All potentials
reported in this paper were converted into the reversible
hydrogen electrode (RHE) scale. The quality of pure Ar and H2

(Air Liquide) was 99.999% (5.0), respectively.
Cyclic voltammetry (CV). PtxCo1�x catalysts as thin lms

were rst cleaned by CV between 0.05 and 1.00 V vs. RHE with
a scan rate of 50 mV s�1 in Ar-saturated 0.1 M HClO4 or KOH,
respectively, until a steady-state CV prole has been achieved.
The electrochemically active Pt surface area (ECSA) was deter-
mined from the hydrogen underpotential deposition (Hupd)
region by integrating the hydrogen ad-/desorption region aer
double layer current correction, assuming a pseudo-capacity of
210 mC cmPt

�2 for polycrystalline Pt. The Hupd [cmPt
2] was

normalized by the theoretical Pt mass used to express the ECSA
[m2 gPt

�1].
Linear sweep voltammetry (LSV). The electrolyte was

exchanged and saturated with hydrogen by bubbling through
the solution for at least 10 minutes before each HOR/HER
polarization measurement. LSV proles were recorded by
changing the potential from �0.05 to 0.40 V vs. RHE at 10 mV
This journal is © The Royal Society of Chemistry 2021
s�1 and 1600 rpm (revolutions per minute). The kinetic current
densities are calculated by using the Koutecky–Levich equation:

1

j
¼ 1

jkin
þ 1

jD
(1)

where j is the measured current density [mA cm�2], jkin – the
kinetic current density [mA cm�2], and jD – the diffusion-limited
current density [mA cm�2]. The HOR/HER polarization
measurements were tted by using the Butler–Volmer equation
to extract the exchange current density (j0) and transfer coeffi-
cient (a) [0 # a # 1] from:

j ¼ j0
�
e
aF
RT

h � e�
ð1�aÞF
RT

h
�

(2)

where h is the overpotential [V], F – Faraday constant [96 485.3
A s mol�1], T – temperature [K], and R – gas constant [8.314 J
mol�1 K�1].
Structural characterization

High resolution transmission electron microscopy (HR-
TEM). A JEOL 2100F TEM (operated with an accelerating voltage
of 200 kV) was employed to determine the morphology, struc-
ture, and mean particle size of pristine and treated PtxCo1�x

catalysts. Catalyst dispersion in a water/propan-2-ol mixture was
pipetted onto a holey carbon lm-coated Cu grid (400 mesh)
and dried in air. The TEMmicrographs were evaluated by using
ImageJ 1.51f soware.

Energy-dispersive X-ray spectroscopy (EDX). A Hitachi S-
3200N scanning electron microscope (SEM) equipped with
a cold eld emitter and EDX detector (INCA, Oxford Instru-
ments) was employed to analyze the chemical composition of
pristine and electrochemically treated PtxCo1�x catalysts. The
microscope was operated at an acceleration voltage of 20 kV,
a beam current of 0.4 nA, 1500� magnication and a working
distance of 15 mm. The total acquisition time for each EDX
spectrum was around 60 s. The characteristic energy intensities
of the La-line for Pt and the Ka-line for Co were used for
quantication, respectively.

Thermogravimetric analysis (TGA). The total metal content
for pristine catalysts was determined by using STARe System
TGA (Mettler-Toledo GmbH). 2–3 mg of catalyst powder was
transferred into a crucible, loaded onto a thermo-balance and
oxidized in synthetic air (99.99%, Air Liquide) at a constant ow
rate of 2mLmin�1. The temperature program consisted of three
steps: rst, the temperature was increased up to 250 �C with
40 �C min�1 and held for 5 minutes. The oven temperature was
then raised from 250 to 650 �C at 7 �Cmin�1 and held for 6 h. To
oxidize the residual graphitized carbon, the temperature was
increased up to 900 �C and held for an additional 5 minutes.
The accurate Pt loading was calculated from the total metal
content via TGA and the atomic Pt : Co ratio via EDX data.

X-ray diffractometry (XRD). XRD data were acquired by using
an Empyrean Theta-Theta diffractometer (Panalytical) equipped
with a Cu Ka tube (l ¼ 1.45 Å, operated at 40 kV and 40 mA),
a Bragg–Brentano unit and a position-sensitive PIXCEL 1D
J. Mater. Chem. A, 2021, 9, 15415–15431 | 15417
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detector (PSD) in a 2q range of 10–90�, step size of 0.013�,
counting time of 700 s, divergence slit of 4 mm, and PSD Iris
anti-scattering slit of 7.5 mm. The total acquisition time was
around 5 h. The catalyst powder was lled in a commercial
sample holder. The depth and diameter of the sample area were
1 mm and 10 mm, respectively. Vegard's law which describes
the linear dependence on the lattice parameter of the alloy with
those lattice parameters of single components was applied to
determine the stoichiometric composition of disordered alloy
crystal phases.

X-ray photoelectron spectroscopy (XPS). An ESCALAB 250 Xi
spectrometer (Thermo Fisher) with monochromatized Al Ka

radiation (1486.6 eV) was employed. Data analysis was per-
formed by using Avantage soware (version 5.982). Details
about the acquisition parameters are listed in Table S2 of the
ESI.† The binding energies were corrected by calibrating the
C 1s signal at 284.6 eV. The pristine catalysts were measured as
powder, while the electrochemically treated PtxCo1�x catalysts
were washed off from the surface of the GC electrode, dispersed
in a water–propan-2-ol mixture and dropped onto a silicon
wafer (Micro-Chemicals, 300 � 10 mm of thickness).
Results and discussion
Structural characterization of pristine PtxCo1�x alloy
nanoparticle electrocatalysts

The as-prepared PtxCo1�x nanoparticles supported on high
surface area carbon (HSAC) were structurally characterized by
using HR-TEM, XRD, and EDX. Fig. 1 displays the HR-TEM
micrographs of all three PtxCo1�x catalysts, showing that the
particles are well-dispersed on the carbon support material.
Particle agglomeration was not observed from the TEM data.
The particle size distribution and mean particle size of pristine
Fig. 1 HR-TEM micrographs and particle size distributions for pristine Pt
impregnation–freeze drying–annealing route. The scale bar for all HR-T

15418 | J. Mater. Chem. A, 2021, 9, 15415–15431
PtxCo1�x catalysts (Fig. 1d–f) were established by analyzing
more than 300 particles from several HR-TEM micrographs.
In summary, the mean particle sizes are 3.8 � 0.8 nm,
4.2 � 0.9 nm, and 4.4 � 1.0 nm for pristine Pt3Co, PtCo, and
PtCo3, respectively. Based on the EDX analysis, the atomic
Pt : Co ratios were found to be 72 : 28, 47 : 53 and 24 : 76
(standard deviations of 4–5 at%) and are in good agreement
with the amount of Co used in the synthetic route for the
preparation of bimetallic nanoparticles with desired ratios. This
observation and our previous studies28–31 point out the high
robustness and good reproducibility of the wet impregnation–
freeze drying–annealing route to prepare uniform alloy
nanoparticles.

The XRD patterns of PtxCo1�x catalysts are displayed in
Fig. S1 of the ESI.† The reexes at 2q values of around 40�, 48�,
71�, and 86� correspond to the formation of a disordered face
centered cubic (fcc) Pt–Co alloy phase with a space group of
Fm�3m. Ordered alloy or oxide phases were not detected by XRD.
The formation of ordered alloy phases can be suppressed by
quenching during the annealing process from 800 �C to room
temperature.31 The calculated crystallite sizes for PtxCo1�x are
similar to the mean particle sizes obtained from the TEM data.
Based on the Rietveld quantication, the pristine Pt3Co catalyst
appears as a single disordered fcc alloy crystal phase with
a stoichiometric composition of Pt84Co16 according to Vegard's
law. However, the pristine PtCo and PtCo3 catalysts exhibit two
crystal phases. The major crystal phase for the PtCo catalyst is
a Pt-rich disordered fcc alloy phase, while the PtCo3 catalyst
mainly consists of Pt53Co47 as the major phase. Table S1†
summarizes the obtained crystallite sizes, lattice parameters,
results from Rietveld quantication, and stoichiometric
compositions for pristine PtxCo1�x alloy nanoparticles. It is
noted that the EDX results reect the average composition of
3Co (a and d), PtCo (b and e), and PtCo3 (c and f) prepared by the wet-
EM micrographs is 20 nm, respectively.

This journal is © The Royal Society of Chemistry 2021
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particle ensembles, while the XRD analysis involves the struc-
ture and composition of each crystal phase. This leads to
different results in the chemical composition of alloy
nanoparticles.
Surface-rearrangement of PtxCo1�x electrocatalysts along the
alloy, Pt-rich shell and Co-segregated core-shell nanoparticle
motifs

The surface structure and chemical composition of PtxCo1�x

alloy nanoparticles can be controlled by the (electro)chemical
reaction environment. In principle, cobalt atoms are rapidly
dissolved by exposure to a strong acid. On the other hand,
cobalt can be (electro)chemically stabilized by forming cobalt
(hydr)oxide species, such as Co(OH)2, Co3O4, CoOOH, and
Co(OH)3, depending on the potential and pH applied. The
potential stability together with the proton activity of the
cobalt–water system is thermodynamically predicted in the
Pourbaix diagram.32,33 Moreover, its enhanced oxophilic char-
acter tends to migrate internal Co atoms from the deeper
subsurface layers towards the surface compared to
platinum.34,35

This unique electrochemical behaviour of cobalt inspired us
to take advantage of the adsorbate-induced surface
Fig. 2 Illustration of the surface rearrangement of PtxCo1�x electrocataly
nanoparticle (NP) motifs controlled by the (electro)chemical environm
respectively.

Fig. 3 CV profiles of pristine PtCo3 (blue), PtCo (orange), Pt3Co (gree
dealloying (0.05–1.00 V vs. RHE, 50 mV s�1, and 10 cycles) in Ar-saturate
loading of 8–10 mgPt cmgeo

�2. The current density is normalized to the

This journal is © The Royal Society of Chemistry 2021
rearrangement of nano-sized PtxCo1�x alloys to tailor their
catalytic HOR/HER performance in alkaline media. Fig. 2
illustrates our approach to tune the structure of bimetallic
PtxCo1�x catalysts along the uniform alloy, Pt-rich shell and Co-
segregated core–shell nanoparticle motifs controlled by the
electrochemical conditions. Very importantly, the initial
chemical surface composition and structure of pristine Ptx-
Co1�x catalysts in the rst surface layers can facilely be probed
by recording in situ cyclic voltammetry (CV) proles in alkaline
media and ex situ X-ray photoelectron spectroscopy (XPS).

Fig. 3a displays the CV proles of pristine PtxCo1�x alloy
catalysts in Ar-saturated 0.1 M KOH. The electrochemical
features of pristine PtCo3 (blue line), PtCo (orange), and Pt3Co
(green) show the appearance of both metal atoms at the particle
surface. To better assign the features to the bimetallic surface,
we will briey describe the characteristics of a pure Pt surface
(dashed lines, Fig. 3). The ad/desorption of hydrogen on a Pt
surface referred to as underpotential hydrogen deposition
(Hupd) occurs between 0.05 and 0.40 V vs. RHE, while at
potentials above 0.65 V the Pt surface is electrochemically
oxidized by forming (hydr)oxide species. The transition from
the hydrogen coverage to (hydr)oxide takes place via the
capacitive double-layer region (0.40–0.65 V vs. RHE). As Co
atoms co-appear at the particle surface, additional
st along the uniform alloy, Pt-rich shell and Co-segregated core–shell
ent. Pt and Co atoms are symbolized with grey and yellow spheres,

n), and Pt (grey dashed line) in Ar-saturated 0.1 M KOH (a) and after
d 0.1 M HClO4 (b). All CV profiles were recorded at 50 mV s�1 with a Pt
geometric surface area of the working electrode.
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Table 1 Summary of the mean particle size, crystallite size, chemical composition, and metal loading for the as-prepared PtxCo1�x catalyst
materials and commercially available Pt/HSAC. The values in the bracket denote the results from the Rietveld quantification

Catalyst
Particle size
(via TEM) [nm]

Crystallite size
(via XRD) [nm]

Composition
(via Vergard's law) [at%]

Composition
(via EDX) [at%]

Pt loading
(via TGA/EDX) [wt%]

PtCo3 4.4 � 1.0 3.7 � 0.1 Pt53Co47 (61.6 wt%) Pt24�5Co76�5 33.1
13.2 � 0.5 Pt21Co79 (38.4 wt%)

PtCo 4.2 � 0.9 2.9 � 0.1 Pt73Co27 (69.8 wt%) Pt47�4Co53�4 32.0
4.6 � 0.1 Pt52Co48 (30.2 wt%)

Pt3Co 3.8 � 0.8 4.6 � 0.1 Pt84Co16 (100 wt%) Pt72�5Co28�5 29.3
Pt 2.6 � 0.9 Pt100 Pt100 28.4

Table 2 Overview of the changes in ECSA values for PtxCo1�x catalysts along the pristine alloy, Pt-rich shell and Co-segregated core–shell
nanoparticle motifs in 0.1 M HClO4 and 0.1 M KOH

ECSAKOH, pristine
[m2 gPt

�1]
ECSAHClO4

, core–shell
[m2 gPt

�1]
ECSAKOH, core–shell
[m2 gPt

�1]
ECSAKOH, Co-segr.
[m2 gPt

�1]
particle size
via TEM [nm]

PtCo3 2 � 1 41 � 4 27 � 3 17 � 2 4.4 � 1.0
4 � 1a

PtCo 4 � 1 44 � 3 30 � 3 22 � 3 4.2 � 0.9
Pt3Co 10 � 2 47 � 5 37 � 3 33 � 3 3.8 � 0.8
Pt 63 � 4 77 � 3 2.6 � 0.9

a Co-segregated PtCo3 core–shell catalyst obtained aer 1400 cycles between 0.05 and 1.0 V vs. RHE in 0.1 M KOH.
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electrochemical features become clearly visible. In Fig. 3a,
broad current peaks exist between 0.6–0.7 V and 0.3–0.6 V vs.
RHE in the anodic and cathodic scans, respectively. According
to the Pourbaix diagram, Co(OH)2, CoO, Co3O4, and CoOOH are
predicted in the investigated potential range at pH 13.32,33,36 It is
noted that for bimetallic systems the reduction/dissolution
potential of a metal A surrounded by a more noble metal B
might be shied to more negative potentials compared to its
Nernst potential, referred to as underpotential metal deposi-
tion.37,38 Depending on the elemental surface distribution, the
shi of the redox potential for Co (hydr)oxide species might be
more or less pronounced. We also observed a broadening of
these current peaks particularly in the cathodic direction,
indicating an overlap of multiple electrochemical reduction
processes of active redox species such as Co3O4/Co(OH)2,
Co3O4/CoO and CoOOH/Co(OH)2. Although cobalt oxide mate-
rials have intensively been investigated as electrocatalysts for
the oxygen evolution reaction (OER) from water under alkaline
conditions, the accurate chemical states of Co (hydr)oxide
species are dependent on several parameters like pH,39–42

potential,39,41–44 pre-treatment,45 kind of electrolyte,40,46 etc.
Despite a similar particle size and metal loading (see

Table 1), the decrease of the current density in the Hupd region
with increasing Co content signies a successive reduction of Pt
surface atoms. To quantify this observation, we determined the
electrochemically active Pt surface area (ECSA) via the Hupd
method. In Table 2, the ECSA values are 2� 1, 4 � 1, and 10� 2
m2 gPt

�1 for pristine PtCo3, PtCo, and Pt3Co in 0.1 M KOH,
respectively.

Very remarkably, the CV proles (Fig. 3a) show the
suppression of Pt (hydr)oxide formation between 0.7 and 1.0 V
15420 | J. Mater. Chem. A, 2021, 9, 15415–15431
vs. RHE with increasing Co content (compared with Pt/HSAC,
grey dashed line). The disappearance of Pt (hydr)oxide in the
CV prole is also supported by the concurrent decrease of Hupd
and the preferred surface enrichment of Co (hydr)oxide species
in 0.1 M KOH.

Aer pre-characterization, the PtxCo1�x catalysts were then
transferred into Ar-saturated 0.1 M HClO4 and electrochemi-
cally treated between 0.05 and 1.00 V vs. RHE at 50 mV s�1 for
10 cycles by using the cyclic voltammetry (CV) method. This
recipe causes a rapid electrochemical dissolution (dealloying) of
Co atoms at the surface of alloy nanoparticles due to their
negative Nernst potential. Thus, the obtained CV proles of
dealloyed PtxCo1�x catalysts resemble the electrochemical
features of a clean Pt surface (grey dashed line), as shown in
Fig. 3b. We wanted to emphasize that the decay of the Co
content within a single particle is not only affected at the top
layer, but also in the subsurface layers. Single crystal Pt–M (M¼
Ni, Co) studies in on ultra-high vacuum have revealed the
structural and compositional uctuations of the rst three
layers aer Co leaching.47–49 In addition, our previous studies
have reported the formation of core–shell nanoparticles with
a Pt-rich shell of �1 nm (3–4 monolayers) and Co-rich particle
core induced by dealloying.30,50 Throughout the paper, the
electrochemically dealloyed PtxCo1�x nanoparticles will be
referred to as core–shell nanoparticles. The enrichment of Pt
surface atoms is also conrmed by the strong increase of the
ECSA. Irrespective of the initial Co content, the ECSA values are
very similar in 0.1 M HClO4 and are determined to be 41 � 4, 44
� 3 and 47 � 5 m2 gPt

�1 for dealloyed PtCo3, PtCo and Pt3Co
core–shell catalysts, respectively. Although the absolute loss of
the Co content for the pristine PtCo3 nanoparticles is
This journal is © The Royal Society of Chemistry 2021

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ta02067f


Table 3 Overview of atomic Pt : Co ratios for PtxCo1�x catalysts along the pristine alloy, dealloyed, and Co-segregated core–shell nanoparticle
motifs obtained from ex situ XPS and EDX data. The standard derivations are in the range of 3–5 at%

Pristine Core–shell Co-segregated

Pt : Co [at%]
EDX

Pt : Co [at%]
XPS

Pt : Co [at%]
EDX

Pt : Co [at%]
XPS

Pt : Co [at%]
EDX

Pt : Co [at%]
XPS

PtCo3 24 : 76 37 : 63 51 : 49 59 : 41 55 : 45 52 : 48
PtCo 47 : 53 52 : 48 60 : 40 77 : 23 65 : 35 80 : 20
Pt3Co 72 : 28 75 : 25 78 : 22 91 : 9 81 : 19 89 : 11

Fig. 4 CV profiles of dealloyed Pt3Co (a), PtCo (b), and PtCo3 (c) prior to (dashed line) and after (solid line) 100 potential cycles at 50mV s�1 in Ar-
saturated 0.1 M KOH. The Co enrichment process mainly reaches a steady-state after potential cycling for up to 1400 scans between 0.05 and
1.0 V vs. RHE (dash-point line) in 0.1 M KOH. The current density is normalized to the geometric surface area of the working electrode.
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signicantly higher than those for the dealloyed PtCo and Pt3Co
(see Table 3), which might result in an increased surface
roughness, the ECSA of the dealloyed PtxCo1�x electrocatalysts
is mainly inuenced by the particle size. As large nanoparticles
exhibit a lower surface-to-volume ratio compared to small
nanoparticles, the highest ECSA value was obtained for pure Pt/
HSAC with a particle size of 2.6 � 0.9 nm.

In the next step, the dealloyed PtxCo1�x core–shell nano-
particles were transferred back to a fresh alkaline electrolyte
solution. Fig. 4 displays the CV proles of the dealloyed PtCo3,
PtCo, and PtCo3 core–shell catalysts before (dashed line) and aer
100 cycles (solid line) in Ar-saturated 0.1 M KOH. First, the initial
CV proles of dealloyed PtxCo1�x core–shell nanoparticles
(dashed line) resemble the electrochemical characteristics of
a pure Pt surface, signifying an enrichment of Pt atoms within the
rst at least three atomic subsurface layers. Aer exposure to
0.1 M KOH for 100 cycles, the CV proles of dealloyed PtCo
(Fig. 4b, orange) and PtCo3 (Fig. 4c, blue) have dramatically
altered. The re-appearance of broad current peaks between 0.3
and 0.7 V vs. RHE is assigned to the Co (hydr)oxide species within
the rst surface layers (compared with Fig. 3a). Due to their oxo-
philic character, the Co atoms tend to segregate to the surface
induced by increasing OH surface coverage e.g. controlled by the
potential and pH. This observation evidences that the dealloyed
PtxCo1�x core–shell nanoparticles can be further altered by
modifying their (electro)chemical environment. As the particle
size is still unchanged (see Fig. S2 of the ESI†), the gradual surface
enrichment of Co atoms is simultaneously accompanied by the
decrease of Pt surface atoms. To highlight this atomic re-
arrangement, we denoted these modied nanoparticles as Co-
This journal is © The Royal Society of Chemistry 2021
segregated core–shell nanoparticles. As the electrochemical Pt
features are further visible in the CV proles, we suggest that both
Co and Pt atoms are present at the particle surface. Only the
dealloyed Pt3Co core–shell nanoparticles (Fig. 4a) remained
unchanged aer applying a similar electrochemical protocol in
KOH, which can be explained by the inherently lower Co content
compared to the initial PtCo and PtCo3 catalysts, as shown in
Tables 1 and 3.

The ECSA determination enables quantifying this adsorbate-
induced re-arrangement process of Co and Pt atoms from the
initial core–shell towards Co-segregated core–shell nano-
particles. Differences in the initial ECSA values measured in
HClO4 and KOH come from the altered enthalpies for hydrogen
ad/desorption in the presence of OH� and H+.14,51–53 Therefore,
we only compared the ECSA values for dealloyed PtxCo1�x

catalysts prior to and aer 100 potential cycles in 0.1 M KOH. In
Table 2, the ECSA values decrease from 27� 3 to 17� 2 m2 gPt

�1

(�37%), from 30� 3 to 22� 3m2 gPt
�1 (�26%), and from 37� 3

to 33 � 2 m2 gPt
�1 (�10%) for the dealloyed PtCo3, PtCo, and

Pt3Co catalysts, respectively. We wanted to stress that this
dynamic re-arrangement process of Co and Pt atoms does not
lead to a thermodynamically stable state of these bimetallic
nanoparticles. Fig. 4c shows the CV proles of the dealloyed
PtCo3 nanoparticles as a course of various potential cycles (1,
100, and 1400) in 0.1 M KOH. The Co (hydr)oxide redox pair get
more and more pronounced by additional potential cycling.
However, a potential treatment for more than 1400 cycles does
not result in an additional growth of the current densities for Co
(hydr)oxide species, indicating that a “quasi-stable” state for Co-
segregated PtCo3 core–shell nanoparticles has been reached.
J. Mater. Chem. A, 2021, 9, 15415–15431 | 15421
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This “quasi-stable” CV prole shows still the presence of both Pt
and Co atoms in the rst surface layers. Very interestingly,
a negative potential shi of the hydrogen adsorption (�15 mV)
and a strong suppression of Pt (hydr)oxide formation are visible
in the CV prole (Fig. 4c). This shi in the Hupd region is very
likely caused by the increased coverage of strongly adsorbed OH
species (OHad) on a Co-enriched bimetallic surface and/or
changes in the potential of zero charge (pzc) due to its surface
re-arrangement.
Advanced X-ray photoelectron spectroscopy (XPS) and energy-
dispersive X-ray spectroscopy (EDX) analysis of various surface
arrangements of PtxCo1�x nanoparticle motifs

Changes in the chemical composition and chemical state of
PtxCo1�x catalysts along the pristine alloy, dealloyed, and Co-
segregated core–shell nanoparticles were probed by ex situ
XPS and EDX techniques. In Table 3, the EDX data show the
highest loss of the Co content for PtxCo1�x catalysts aer elec-
trochemical dealloying in HClO4. The atomic Pt : Co ratios alter
from 24 : 76 to 51 : 49 for PtCo3, from 47 : 53 to 60 : 40 for PtCo,
and from 72 : 28 to 78 : 22 for Pt3Co (standard derivation of 4–5
at%), respectively. The subsequent potential cycling of deal-
loyed PtxCo1�x catalysts in KOH leads to almost unchanged
composition, implying their high electrochemical stability in
the applied potential range at pH 13. Hence, the surface re-
arrangement of bimetallic nanoparticles from dealloyed
towards the Co-segregated core–shell structure is not accom-
panied by electrochemical Co dissolution.

In this work, high-resolution XPS investigations were carried
out to establish the chemical state of Co and Pt atoms and their
atomic Pt : Co ratio for PtxCo1�x catalysts along the structural
re-arrangements in detail. Fig. S3† displays the high-resolution
XPS spectra of Pt 4f for PtxCo1�x catalysts along the pristine
alloy (a), dealloyed (c), and Co-segregated (e) core–shell nano-
particle motifs. The Pt 4f XPS spectra were deconvoluted and
tted with double peaks for 4f7/2 and 4f5/2, respectively. From
the Pt 4f7/2 peak, three species including metallic Pt0, Pt2+ and
Pt4+ were identied at binding energies of 71.6, 72.6, and
73.5 eV (reference values54 of 71.2 � 0.5 eV, 72.4 � 0.8, and 74.9
� 0.8 eV for metallic Pt0, Pt2+ and Pt4+, respectively). In the
series of XPS spectra of Pt 4f, no changes in the chemical state of
Pt species were observed in this work.

Generally, the XPS analysis of Co 2p is not trivial due to its
multiplet spitting, plasmon loss features associated with Co
metal55,56 and shake-up loss features associated with Co
oxides.57 As shown in Fig. 5, the peak broadening is mainly
based on the high pass energy of 100 eV (Table S2†) applied due
to the very low residual Co content within the thin catalyst lms
aer electrochemical experiments. The Co 2p3/2 signal was
deconvoluted into three peaks at binding energies of ca. 778 eV,
781 eV, and 785 eV, which are assigned to metallic Co and
oxidized Co species according to the literature.37,58 It is noted
that an unambiguous allocation of various Co (hydr)oxide
components, i.e. CoO, Co2O3, Co3O4, CoOOH, Co(OH)2, and
Co(OH)3, is very difficult due to their similar binding energies
(BE) and shake-up loss features.55,58–61 Thus, the oxidized Co
15422 | J. Mater. Chem. A, 2021, 9, 15415–15431
species are only assigned to Coz+ without any accurate chemical
state mentioned. The quantication was performed by
analyzing the Co 2p3/2 and Pt 4f7/2 signals. As it is very difficult
to deconvolve plasmon loss features and shake-up loss features
from the signal at�785 eV, only the Co 2p XPS signals at around
778 eV and 781 eV were considered to establish the atomic
Co0 : Coz+ ratios in this work.

Aer synthesis, the XPS data show atomic Pt : Co ratios of
75 : 25, 52 : 48, and 37 : 63 for pristine Pt3Co, PtCo, and PtCo3,
respectively, which is in good agreement with the elemental
results obtained from EDX (see Table 3). As expected, the cobalt
appears in a metallic and oxidized chemical state within the
pristine alloy nanoparticles (Fig. 5). The content of oxidized Co
in the as-prepared PtCo and PtCo3 catalysts is more than 50
at%, while the as-prepared Pt3Co catalyst shows a higher
metallic cobalt content (Fig. 5a and b). The appearance of
oxidized Co species very likely stems from non-reduced Co
precursor salt or/and surface oxide immediately formed upon
exposure of metallic cobalt to air. However, no residual CoNO3

precursor was detected from XPS. The XRD proles (Fig. S1 and
Table S1†) show no additional reexes of Co oxide crystal pha-
ses. Based on the XRD and XPS data, we suggest that the
observed Coz+ species largely exist as amorphous (hydr)oxides.
In order to rule out the post-oxidation of Co within the elec-
trochemically treated PtxCo1�x catalysts during the sample
transfer, a control experiment was performed in an Ar-lled
glovebox directly connected to a XPS chamber. Very remark-
ably, our control experiment in an oxygen-free glovebox reveals
that the dealloyed PtCo core–shell catalyst shows a similar
amount of Co oxide species (41 at%) compared to that from the
RDE experiments (Coz+ 45 at%) (not shown, will be published in
our next work). Therefore, we suggest that the Pt-enriched
surface of dealloyed bimetallic nanoparticles protects the
internal Co atoms for post-oxidation of metallic Co in air.

The electrochemical dealloying signicantly alters the
atomic Co0 : Coz+ ratios of the PtCo and Pt3Co catalysts. Besides
the loss of the total Co content, amorphous Co oxide species at
the particle surface rapidly corrode under the harsh conditions
(up to 1.0 V vs. RHE, pH 1), resulting in an increase of metallic
Co species within the dealloyed nanoparticles. However, the
dealloyed PtCo3 core–shell catalyst shows an opposite trend,
namely an increase of the oxidized Co content. We suggest that
the decay of the metallic cobalt content for pristine PtCo3 is very
likely attributed to the Co-rich crystal phase detected by XRD
(see Fig. S1 and Table S1†). The exchange to alkaline electro-
chemical conditions does not lead to a signicant alteration of
Co0 : Coz+ ratios for dealloyed PtxCo1�x catalysts. Besides their
almost stable chemical composition as discussed above and
shown in Table 3, the atomic Co0 : Coz+ ratios for dealloyed
PtxCo1�x core–shell nanoparticles seem to be not inuenced by
the Co segregation process. This nding is very surprising
because the content of oxidized cobalt species would signi-
cantly be increased if internal Co atoms migrate to the top layer
and immediately form Co(OH)2 and Co3O4 species upon expo-
sure to alkaline electrolyte solution. Actually, we observed
a reverse effect that the additional potential cycling up to 1400
to achieve a steady-state CV prole (see Fig. 4c) leads to
This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a, c and e) High-resolution XPS spectra of Co 2p for Pt3Co, PtCo, and PtCo3 along the pristine alloy (a), dealloyed (c) and Co-segregated
(e) core–shell nanoparticle motifs. Experimental parameters like the step size, pass energy, dwell time and number of scans are listed in Table S2
of the ESI.† The experimental data are denoted as the grey line and the fit is symbolized by the black line. Red, blue and orange dashed lines
denote the different Co species. (b, d and f) Bar diagrams display the atomic Co0 : Coz+ ratios of the pristine and treated PtxCo1�x catalysts
appearing in their various structural nanoparticle motifs.
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a transition of oxidized to metallic Co species, Fig. 5e and f. We
suggest that this transformation is very likely related to the
potential-dependent mobility of surface atoms and its dynamic
changes in the coverage of adsorbates. As the surface-sensitive
CV prole clearly shows the electrochemical features of redox-
active Co (hydr)oxide species in Fig. 4c, we assume that the
Co atoms tend to mainly enrich in the subsurface layers of the
nanoparticles. But, the most interesting observation is the
electrochemical resistance of amorphous Co oxide species
within the bimetallic nanoparticles. We suggest that the
This journal is © The Royal Society of Chemistry 2021
amorphous Co oxide is a relic from the initial composition of
the nanoparticles, which is formed during the fast surface
passivation of the remaining noble metal, Pt, under these harsh
conditions.

Althoughmetallic Co tends to rapidly dissolve under corrosive
conditions, the amorphous Co oxide species appear very stable
up to 1.0 V vs. RHE at pH 1 (0.1 M HClO4). The high stability of
crystalline Co oxide lms or Co atoms incorporated in MnOx or
PbOx crystals as a host substrate at potentials applied for the OER
and low pH values (<2.5) has been very recently reported in the
J. Mater. Chem. A, 2021, 9, 15415–15431 | 15423
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literature.62–64 An alternative explanation might come from the
protecting role of a Pt-enriched particle surface to prevent the
electrochemical dissolution of internal Co atoms. Very recently,
nanoporous Pt–CoOx lms prepared by a sequential magnetron-
sputter process have shown a considerable Pt-based surface area
andORR performance.65 The origin of the superior ORR activity is
based on the lattice strain in the Pt–Pt distance induced by the
CoOx backbone.

In summary, we point out that the nature of the residual Co
appears in two chemical states (metallic and oxidized) protected
by the Pt-rich shell of dealloyed and Co-segregated PtxCo1�x
Fig. 6 HOR/HER polarization curves (left) and Butler–Volmer plots (jkin v
(a and b), dealloyed Pt-rich shell (c and d) and Co-segregated (e and f) c
from �0.05 to 0.4 V vs. RHE at 1600 rpm and 10 mV s�1 in H2-saturated
area of the electrode, while the ikin extracted from the Butler–Volmer e
(ECSA). PtCo3 is coloured in blue, PtCo in orange, Pt3Co in green and p

15424 | J. Mater. Chem. A, 2021, 9, 15415–15431
catalysts. The question arises about the role of Co and Pt during
the HOR mechanism and how the HOR performance can be
tailored by the presence of metallic and oxidized Co.
HOR performance on various surface arrangements of
PtxCo1�x nanoparticle motifs

The polarization measurements (a, c, and e) for Pt3Co (green),
PtCo (orange), and PtCo3 (blue) catalysts as pristine alloy,
dealloyed, and Co-segregated core–shell nanoparticles as well as
the corresponding ts (dashed lines; b, d, and f) using the
s. iR-corrected E, right) of PtxCo1�x electrocatalysts in the pristine alloy
ore–shell nanoparticle motifs. The polarization curves were recorded
0.1 M KOH. The current density is normalized to the geometric surface
quation is normalized by the electrochemically active Pt surface area
ure Pt in black.

This journal is © The Royal Society of Chemistry 2021
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Butler–Volmer equation are shown in Fig. 6. Basically, three
different regimes for the HOR polarization curves can be iden-
tied: kinetically controlled regime (0.0–0.015 V vs. RHE) fol-
lowed by a mixed regime with contributions of kinetics and
mass transport restrictions (0.015–0.15 V), and nally the mass
transport-limiting regime (0.15–0.35 V).

First, we will discuss the HOR performance of pristine Ptx-
Co1�x alloy catalysts. In Fig. 6a, pristine Pt3Co and pure Pt show
a negative shi of the polarization curves and higher mass
transport-limiting current densities compared to pristine PtCo
and PtCo3, signifying improved HOR activities due to their Pt-
enriched particle surface (large ECSA values, see Table 2 and
Fig. 2). Fig. 6b displays a plot of Pt surface area-based kinetic
current densities (jkin,spec) vs. iR-corrected potential to point out
the increase of HOR performance in the order of: Pt < Pt3Co <
PtCo < PtCo3, respectively. This opposite trend is very likely
attributed to the different ECSA values of pristine PtxCo1�x

catalysts which will be discussed in detail later.
In Fig. 6c, the HOR polarization curves for dealloyed Ptx-

Co1�x core–shell nanoparticles are slightly shied to negative
potentials compared to pure Pt/C. The respective Butler–Volmer
plots of jkin,spec vs. iR-corrected potential (E) imply a slight
activity improvement in the order of: Pt < Pt3Co < PtCoz PtCo3
prepared by electrochemical dealloying in 0.1 M HClO4.

Fig. 6e displays the HOR/HER polarization curves of PtxCo1�x

catalysts prepared by a sequence of dealloying in HClO4 and
additional 100 potential cycles in 0.1 M KOH. The polarization
curves are mainly on top of each other and are similar to those
for dealloyed PtxCo1�x catalysts. We observed slight differences
between these catalysts only in the mixed regime of the HOR
polarization curves. More importantly, a direct comparison
between Co-segregated PtCo3 core–shell nanoparticles before
and aer 1400 potential cycles in KOH exhibits a dramatic
activity loss. The plots of jkin,spec vs. iR-corrected E, yet, imply an
opposite trend due to the critical normalization of jkin with a low
ECSA value as discussed now.
Table 4 HOR exchange current densities normalized by the Pt surface ar
electrode (j0geo) as well as transfer coefficients (a) of pristine PtxCo1�x ca

Pristine PtxCo1�x j0spec [mA cmPt
�2] j0mass [

PtCo3 4.12 � 0.42 0.07 �
PtCo 2.66 � 0.17 0.12 �
Pt3Co 2.02 � 0.10 0.22 �
Pt 0.55 � 0.03 0.28 �

Table 5 HOR exchange current densities normalized by the Pt surface ar
electrode (j0geo) as well as transfer coefficients (a) of dealloyed PtxCo1�x

Dealloyed PtxCo1�x core–shell j0spec [mA cmPt
�2]

PtCo3 1.04 � 0.08
PtCo 0.94 � 0.09
Pt3Co 0.67 � 0.06
Pt 0.55 � 0.03

This journal is © The Royal Society of Chemistry 2021
To benchmark these PtxCo1�x catalysts along the pristine
alloy, dealloyed, and Co-segregated core–shell nanoparticle
motifs for the HOR activity in 0.1 M KOH, we also determined
the intrinsic exchange current densities (j0) and transfer
coefficients (a) extracted from the ts using the Butler–Volmer
equation. The j0 values were then normalized with the initial
Pt mass (denoted as j0mass), electrochemically active Pt surface
area via the Hupd method (j0spec), and geometric surface area
of the working electrode (j0geo) and are summarized in Tables
4–6.

The j0spec values were determined to be 4.12 � 0.42, 2.66 �
0.17, and 2.02 � 0.10 mA cmPt

�2 for pristine PtCo3, PtCo, and
Pt3Co, respectively. In contrast, the j0mass increases in the
opposite order of: PtCo3 (0.07 � 0.01 A mgPt

�1) < PtCo (0.12 �
0.02 A mgPt

�1) < Pt3Co (0.22 � 0.04 A mgPt
�1) < pure Pt (0.28 �

0.02 A mgPt
�1), respectively. The j0geo shows a similar trend to

j0mass. Although the particle size and loading are nearly the same,
this contrary trend between j0spec and j0mass (j

0
geo) might be caused

by the limitation of the accurate ECSA determination particu-
larly if the ECSA value is getting very small (see Table 2 for
pristine PtCo3 and PtCo). Alternatively, CO stripping experi-
ments were also applied to establish the ECSA of Pt. However,
only the Hupd method has delivered reliable ECSA values for
bimetallic Pt–Co surfaces under alkaline conditions, which will
be discussed later. On the other hand, j0mass and
j0geo dramatically decrease with increasing Co content for the
pristine alloys, while the catalytic HOR performance of pristine
Pt3Co is nearly comparable with that of pure Pt within the error
range. Very importantly, the transfer coefficients (a) for all
pristine PtxCo1�x catalysts are below 0.5, signifying an asym-
metric behaviour between the HOR and HER branches and thus
modication in reaction pathways on a Co-rich bimetallic
surface. As the intrinsic catalytic reactivity of pure Co is very low,
we can conclude that the preferred formation of OHad on a Co-
rich Pt–Co surface dramatically alters the activity and reaction
pathways for the HOR in alkaline media.
ea specific (j0spec), Pt mass used (j0mass), and geometric surface area of the
talysts in H2-saturated 0.1 M KOH

A mgPt
�1] j0geo [mA cmgeo

�2] a [a.u.]

0.01 0.66 � 0.07 0.38 � 0.05
0.02 1.00 � 0.07 0.39 � 0.05
0.04 2.10 � 0.12 0.35 � 0.03
0.02 2.40 � 0.38 0.50 � 0.02

ea specific (j0spec), Pt mass used (j0mass), and geometric surface area of the
core–shell catalysts in H2-saturated 0.1 M KOH

j0mass [A mgPt
�1] j0geo [mA cmgeo

�2] a [a.u.]

0.24 � 0.02 2.28 � 0.15 0.53 � 0.02
0.25 � 0.01 2.38 � 0.25 0.50 � 0.03
0.26 � 0.03 2.18 � 0.28 0.52 � 0.02
0.28 � 0.02 2.40 � 0.38 0.50 � 0.02

J. Mater. Chem. A, 2021, 9, 15415–15431 | 15425
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Very interestingly, the dealloyed PtxCo1�x catalysts with a Pt-
rich particle shell exhibit similar HOR activities with respect to
j0mass and j0geo and are comparable to pure Pt/HSAC, as listed in
Table 5. Only the j0spec values increase in the order of: Pt(0.55 �
0.03 mA cmPt

�2) < Pt3Co(0.67 � 0.06 mA cmPt
�2) < PtCo(0.94 �

0.09 mA cmPt
�2) < PtCo3(1.04 � 0.08 mA cmPt

�2), respectively.
Thus, the j0spec values for the dealloyed PtCo and PtCo3 core–
shell catalysts improve by a factor of 1.5–1.9 compared to pure
Pt/HSAC and dealloyed Pt3Co. Very recently, we have shown no
inuence of the particle size of polycrystalline and nano-sized Pt
on the HOR activity in alkaline media.13,27 Thus, the improved
j0spec for dealloyed PtCo and PtCo3 core–shell nanoparticles is
very likely caused by the geometric effect in the Pt-enriched
shell surrounded by the Pt–Co-CoOx particle core, lowering
the Pt–H binding energy. Other research groups have recently
reported an improved HOR activity on a strained Pt surface
(reduced Pt–Pt distance) for Pt–Ni and Pt–Ru systems due to the
modied hydrogen binding energy.7,9,10 Changes in Pt–H
binding energy is oen related to the potential shi of the
hydrogen desorption in the Hupd region. As shown in Fig. S4,†
a potential shi of the H desorption is not observed for all
dealloyed PtxCo1�x core–shell nanoparticles irrespective of the
initial Co content and possible characteristics in the formed Pt-
enriched particle shell e.g. differences in the shell thickness and
composition of the particle core. Only the reduction of the Pt
(hydr)oxide current peak is signicantly shied to more nega-
tive potentials compared to that for pure Pt and dealloyed
Pt3Co, implying a decrease of OHad coverage and thus an
improved ORR performance. In fact, the compressive strain in
the Pt shell only results in the improvement of j0spec, but the
magnitude of HOR activity enhancement is much less
pronounced compared to that for the ORR. The transfer coef-
cients (a) for all dealloyed PtxCo1�x core–shell catalysts were
determined to be around 0.5, which is in very good agreement
with that for pure Pt. The resulting symmetry for the HER and
HOR branches implies similar reaction pathways on dealloyed
core–shell catalysts with a Pt-rich shell.

Aer 100 potential cycles in 0.1 M KOH, the inuence of the
re-appearance of Co atoms in the subsurface layers on the
catalytic HOR performance is displayed in Fig. 6 and Table 6.
Compared to the dealloyed catalysts with a Pt-rich particle shell
(Fig. 6c, d and Table 5), the values of j0mass and j0geo for the Co-
segregated PCo and PtCo3 core–shell nanoparticles are almost
unchanged and are thus similar to those of pure Pt. However,
Table 6 HOR exchange current densities normalized by the Pt surface ar
electrode (j0geo) as well as transfer coefficients (a) of Co-segregated PtxC

Co-segregated PtxCo1�x core–shell j0spec [mA cmPt
�2]

PtCo3 1.43 � 0.05
PtCo3_1400

a 2.61 � 0.2
PtCo 1.09 � 0.09
Pt3Co 0.80 � 0.07
Pt 0.55 � 0.03

a Co-segregated PtCo3 core–shell catalyst obtained aer 1400 cycles betwe

15426 | J. Mater. Chem. A, 2021, 9, 15415–15431
the j0spec increases up to 2.6 particularly for the Co-segregated
PtCo3 core–shell nanoparticles compared to pure Pt. To corre-
late the increase of j0spec with the Co segregation, it is necessary
to compare dealloyed PtCo3 with dealloyed Pt3Co. First, the re-
appearance of Co (hydr)oxide species is not observed for deal-
loyed Pt3Co aer 100 potential cycles in 0.1 M KOH due to the
inherently low Co content within the dealloyed nanoparticles.
In this case, the improved j0spec for dealloyed Pt3Co core–shell
nanoparticles is very likely related to the drop of the ECSA (from
37 � 3 to 33 � 3 m2 gPt

�1, �11%, Table 2) due to the carbon
corrosion associated with particle detachment as the main
degradation process in strong alkaline media.66,67 In the other
case, the j0mass and j0geo for the Co-segregated PtCo3 core–shell
nanoparticles decrease with gradual enrichment of Co surface
atoms induced by additional potential cycles. Thus, the increase
of j0spec might be caused by the discrepancy to determine the
accurate ECSA of Pt in the presence of stable Co atoms in the
sub-surface layers. To the best of the authors' knowledge, the
Hupd method seems to be the reliable and reproducible
approach for ECSA determination of Pt surrounded by oxidized
Co species under alkaline conditions. Similar trends for the
HER performance are observed in this work (see Fig. S5†). Apart
from the drastic activity drop, the transfer coefficient decreases
from 0.47 � 0.01 to 0.38 � 0.02 with successive Co enrichment
at the particle surface and reached values similar to those of
pristine PtxCo1�x alloy catalysts.

Correlation between the HOR activities and Q(Hupd)/Q(Coz+)
ratio

To evaluate the elemental distribution within the rst surface
layers and thus to point out the role of cobalt as an oxophilic
component for the catalytic HOR performance, we developed
a new descriptor by relating the electric charges yielded from
the hydrogen ad/desorption and Co(hydr)oxide reduction/
formation, the so-called Q(Hupd)/Q(Coz+) ratio (see Fig. S6†).
According to the Pourbaix diagram, Co(OH)2, CoO, Co3O4, and
CoOOH are predicted in the investigated potential range at pH
13.32,33 The respective redox potentials and the extended Pour-
baix diagram of the cobalt–water system are given in Fig. S7 of
the ESI.† It is noted that the redox pair of Co3O4/Co(OH)2 and
CoOOH/Co(OH)2 are controversially discussed in the literature,
which might be based on the pre-treatment,45 electrochemical
conditions36,39–42,68 and nature44,69 of Co oxide-based materials as
well as the discrimination of different meta-stable Co(hydr)
ea specific (j0spec), Pt mass used (j0mass), and geometric surface area of the
o1�x core–shell catalysts in H2-saturated 0.1 M KOH

j0mass [A mgPt
�1] j0geo [mA cmgeo

�2] a [a.u.]

0.24 � 0.02 2.10 � 0.15 0.47 � 0.01
0.09 � 0.01 0.80 � 0.14 0.38 � 0.02
0.22 � 0.03 2.10 � 0.33 0.46 � 0.01
0.29 � 0.03 2.40 � 0.37 0.47 � 0.01
0.28 � 0.02 2.40 � 0.40 0.50 � 0.02

en 0.05 and 1.0 V vs. RHE in 0.1 M KOH.

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Illustration of the different surface arrangements of platinum
and cobalt in a metallic or oxidized state to tailor the HOR perfor-
mance in an alkaline environment. Top panel: Metal–H bond mech-
anism to lower/strengthen the bond of adsorbed hydrogen on
a strained Pt top layer surrounded by metallic Co (left) or CoO (right)
underlay. Bottom panel: Bifunctional mechanism, where the coverage
of OHad species is attributed to the enrichment of Co and Co oxide
species near the surface. The here developed new descriptor,
Q(Hupd)/Q(Coz+) ratio, expresses the elemental distribution of Co and
Pt in the first surface layers. Grey, yellow and white balls denote Pt, Co
and O, respectively.

Table 7 Q(Hupd)/Q(Coz+) ratio values as a descriptor for pristine and
Co-segregated PtxCo1�x nanoparticles in 0.1 M KOH by integration of
the electric charges yielded from the hydrogen ad/desorption and
redox reaction of Co3O4/Co(OH)2

PtxCo1�x

Q(Hupd)/Q(Coz+) Q(Hupd)/Q(Coz+)

Pristine Co-segregated

PtCo3 0.14 � 0.03 6.4 � 0.8
PtCo3_1400

a 0.3 � 0.1
PtCo 0.25 � 0.02 20.0 � 2.0
Pt3Co 1.21 � 0.07 —

a Co-segregated PtCo3 core–shell catalyst obtained aer 1400 cycles
between 0.05 and 1.0 V vs. RHE in 0.1 M KOH.
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oxide species40,41,44,46 on the electrode surface. According to the
Pourbaix diagram32,33 and other research studies,41,43,46,63,68,70 we
consider the redox pair of Co3O4/Co(OH)2 with the following
electrochemical reaction: 3Co(OH)2 + 2OH� / Co3O4 + 4H2O +
2e�. If the value of the Q(Hupd)/Q(Coz+) ratio is larger than or
below one, the particle surface consists of an excess of Pt or Co
to accelerate or block the kinetics of the HOR by forming OHad

species. To illustrate the modication of HOR performance by
Pt–H binding energy and coverage of OHad, Fig. 7 shows
a sketch of the 2D atomic arrangement of Pt and Co within the
nanoparticles. Due to the chemical properties of Co, this
bimetallic catalyst system with different atomic arrangements
enables discriminating between the Pt–Had binding energy
model and bifunctional model. The coverage of OHad species
can be modied on these different particle motifs (disordered
alloy vs. Co-segregated core–shell) and different Co surface
contents. In other words, the concentration of Co surface atoms
strongly correlates with the coverage of OHad species which play
a critical role in the bifunctional mechanism for the HOR in
alkaline media.

It is noted that the enhanced oxophilic character of the Co-
segregated PtCo3 core–shell catalyst compared to a Pt-
enriched shell is also evident from CO oxidation. Fig. S8†
displays the CO stripping experiments of Pt-enriched and Co-
segregated core–shell catalysts, signifying a broad oxidation
peak at �0.43 V vs. RHE. The second CV prole signies an
irreversible process due to its disappearance. Based on the CO
stripping experiments, we also tried to establish the ECSA of Pt.
By integrating the charge of the oxidation of the adsorbed CO
monolayer from 0.38 and 0.79 V vs. RHE, the ECSA value
became extremely large for Co-segregated core–shell nano-
particles. This observation cannot be explained by the changes
This journal is © The Royal Society of Chemistry 2021
in the particle size (same volume-to-surface ratio) and leads to
an overestimation of the ECSA of Pt.

In Table 7, the values of Q(Hupd)/Q(Coz+) ratios for as-
prepared PtxCo1�x increases in the order of: PtCo3 (0.14 � 0.03)
< PtCo (0.25� 0.02) < Pt3Co (1.21� 0.07), respectively. This trend
shows a successive enrichment of Pt surface atoms with
decreasing Co content. On the other hand, the values ofQ(Hupd)/
Q(Coz+) ratios were determined to be 6.4 � 0.8 and 20.0 � 2.0 for
the Co-segregated PtCo3 and PtCo core–shell catalysts. In fact, the
pristine PtCo and PtCo3 catalysts indicate a higher contribution
of Co surface atoms compared to the Co-segregated PtCo and
PtCo3 core–shell nanoparticles. We wanted to emphasize that the
observed changes in the value of Q(Hupd)/Q(Coz+) ratios are very
likely related to the modication of the chemical surface
composition and re-arrangement of the bimetallic nanoparticles
instead of changes in the particle size (compare Fig. 1 with
Fig. S2†). Almost no changes in electrochemical features for
dealloyed Pt3Co were observed aer 100 potential cycles in KOH
(see Fig. 4a), which might be explained by the inherently low Co
content aer dealloying in HClO4.

Fig. 8 shows the relationship between the obtained Pt surface
area-based specic (j0spec, panel a), Pt mass-based (j0mass, panel b)
and geometric-normalized (j0geo, panel c) HOR exchange current
densities as a function of the Q(Hupd)/Q(Coz+) ratio for pristine
PtxCo1�x and Co-segregated PtCo and PtCo3 core–shell catalysts.
The dashed lines in Fig. 8 denote the respective activities of pure
Pt/HSAC and dealloyed PtCo3 core–shell catalysts with a Pt-rich
particle shell. As mentioned above and shown in Fig. 7, the
lattice strain in the Pt-enriched shell has less inuence in weak-
ening the Pt–H bond. The induced strain in the Pt-rich shell is
originated from the sublayers consisting of Co and Co oxide
species, resulting in a moderate weakening of the Pt–H bond. On
the other hand, the Pt-rich top layer protects the further disso-
lution of internal Co and Co oxide species in the sub-layers. A
detailed study for obtaining information about the arrangement
and distribution of metallic and oxidized cobalt atoms is
currently in progress. Due to the moderate modication of the
Pt–H bond induced by the compressive strain in the Pt-rich shell,
we focus now on the bifunctional mechanism, in which reactive
OHadmight promote the oxidation of Had on Pt sites according to
the Volmer step (M–Had + OH� / M + H2O + e�).
J. Mater. Chem. A, 2021, 9, 15415–15431 | 15427
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Fig. 8 Relationship between the geometric-normalized (j0geo, panel a),
Pt mass-based (j0mass, panel b) and Pt surface area-based specific
(j0spec, panel c) HOR exchange current densities as a function of the
Q(Hupd)/Q(Coz+) ratio for pristine PtxCo1�x and Co-segregated PtCo
and PtCo3 core–shell catalysts. The pristine alloy catalysts are denoted
with a hollow circle (B), while the Co-segregated core–shell catalysts
are symbolized with a hollow triangle (D). The Co-segregated PtCo3

core–shell catalyst after 1400 potential cycles is denoted by a hollow
inverted triangle. Even though no segregation of Co was observed, we
decided to include the dealloyed Pt3Co core–shell catalyst as a refer-
ence in these plots. Pure Pt/HSAC (black dashed lines) and dealloyed
PtCo3 core–shell catalysts (orange solid line) with a Pt-rich shell were
also taken as reference materials. The grey dashed lines denote the
standard deviation of the HOR activity of pure Pt/HSAC.

15428 | J. Mater. Chem. A, 2021, 9, 15415–15431
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First, we will discuss the correlation between the HOR
performance and Q(Hupd)/Q(Coz+) ratio for pristine PtxCo1�x

alloy catalysts. In Fig. 8a, the j0spec increases with increasing
initial Co content, when j0 is normalized by the number of
catalytically active Pt sites. This suggests that the nearby oxo-
philic Co atoms accelerate the kinetics of the HOR on the Pt
surface based on the bifunctional mechanism. However, in
Fig. 8b and c a reverse effect is observed for j0mass and j0geo,-
namely that the increased appearance of Co surface atoms
reduces dramatically the kinetics of the HOR by blocking the
surface with strongly OHad species. Only the pristine Pt3Co
catalyst with a value of the Q(Hupd)/Q(Coz+) ratio which is larger
than one shows similar j0mass and j0geo to pure Pt/HSAC and
dealloyed PtCo3 core–shell catalysts.

The Co-segregated PtCo core–shell catalyst shows an order
of magnitude higher value of the Q(Hupd)/Q(Coz+) ratio
compared to the Co-segregated PtCo3 catalyst, but both values
are signicantly larger than one, indicating a large number of
available Pt surface atoms. We suggest that this difference also
reects the coverage of OHad species at the particle surface
and is therefore much lower than those for pristine alloys. In
a broader sense, the Co-segregated core–shell nanoparticles
simulate a Pt-enriched surface with “isolated less noble metal
(hydr)oxide clusters”. With this picture in mind and illus-
trated in Fig. 7, our results reveal that a variation of OHad

species for the Pt–Co system does not cause an enhancement
of HOR activity in an alkaline environment. Unlike, the
comparison of the dealloyed PtCo3 core–shell catalyst aer
100 and 1400 potential cycles shows a dramatic decrease of
j0mass and j0geo due to the additional enrichment of Co atoms
within the rst surface layers.

Based on our new descriptor, a broad range of Co-containing
bimetallic surfaces were investigated in this work. Actually, it
was expected that different Co-containing particle surfaces allow
tailoring the coverage of OHad species to facilitate the oxidation of
Had at low potentials (bottom panel of Fig. 8). This approach very
likely mimics a single Pt(111) crystal surface decorated with Ni
(hydr)oxide clusters to generate reactive OHad species for the HOR
reported by Markovic and coworkers.23 This so-called bifunctional
mechanism to enhance the HOR reactivity is not observed for
pristine PtxCo1�x alloy and Co-segregated PtCo and PtCo3 core–
shell catalysts. In this work, a reserve effect is highlighted, when
the Co surface content increases in Pt-based nanoparticles. These
ndings are very likely related to the formation of “unreactive”
OHad species in the Hupd region, which strongly block the cata-
lytically active Pt sites for the oxidation of Had. The blockage of
catalytically active Pt sites with oxophilic Co neighboring atoms is
associated with the suppression of formation/reduction of Pt
(hydr)oxide species, as shown in Fig. 4. Altogether, cobalt as an
oxophilic component strongly binds the OHad species, resulting in
a lowering of the HOR activity on the Pt-based surface in an
alkaline environment.

Conclusions

In this work, we presented a comprehensive study about PtxCo1�x

catalysts along the uniform alloy, Pt-rich shell, and Co-segregated
This journal is © The Royal Society of Chemistry 2021
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core–shell nanoparticle motifs towards enhancing HOR perfor-
mance in alkaline media. The atomic re-arrangement within the
bimetallic nanoparticles can be controlled by the (electro)chemical
environment like potential and pH. The oxophilic cobalt is used to
tailor the coverage of OHad species, which play a critical role in the
bifunctional mechanism. But on the other hand, the alloying of Pt
with Co modies the electronic and geometric structure of the Pt-
enriched shell, which might weaken or strengthen the Pt–H bond.
Very remarkably, the XPS analysis signies not only a metallic but
also an amorphous Co oxide species inside the dealloyed and Co-
segregated PtxCo1�x core–shell catalysts. We assume that the
amorphous Co oxide stemmed from the synthesis and air-storage
is protected by the Pt-enriched shell under these harsh conditions.
Depending on whether metallic or amorphous Co oxide species,
the induced lattice strain in the Pt-enriched shell causes only
a moderate lowering of the Pt–H binding energy, resulting in an
increase of the Pt surface area specic exchange current density
j0spec by a factor of�2 compared to pure Pt. Our second approach to
control the coverage of OHad species is realized by comparing
different Co surface concentrations (pristine alloys vs. Co-
segregated). Tailoring the coverage of OHad species enables
promoting the oxidation of Had on the Pt sites, referred to as
a bifunctional mechanism. In this context, we developed a new
descriptor, namely the Q(Hupd)/Q(Coz+) ratio, to evaluate the
atomic distribution of Co and Pt at the particle surface.

Our results indicate that the cobalt strongly adsorbs OHad

species at low potentials and thus block the catalytically active
Pt sites for the HOR in alkaline media. The blockage of cata-
lytically active Pt sites with strongly oxophilic Co neighboring
atoms is associated with the suppression of formation/
reduction of Pt (hydr)oxide species. It is noted, that there is
still a lack of methods to determine the real electrochemically
active Pt surface area on bimetallic surfaces consisting of Pt and
Co atoms.

Despite the separation of these critical parameters, cobalt as
an oxophilic component strongly bonds OHad species at the
particle surface and the induced lattice strain in the Pt-enriched
shell causes only a moderate lowering of the Pt–H binding
energy to enhance the kinetics of the HOR in an alkaline
environment.
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